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Comparisons of Coupled Model Intercomparison Project 
Phase 5 (CMIP5) and Coupled Model Intercomparison 
Project Phase 6 (CMIP6) Sea-Ice Projections in Polar Bear 
(Ursus maritimus) Ecoregions During the 21st Century

By David C. Douglas and Todd C. Atwood

Abstract
Climate model projections are commonly used to assess 

potential impacts of global warming on a breadth of social, 
economic, and environmental topics. Modeling centers 
throughout the world coordinate to apply a consistent suite 
of radiative forcing experiments so that all model outputs 
can be collectively analyzed and compared. Three genera-
tions of model outputs have been produced and made avail-
able to the scientific community through the Coupled Model 
Intercomparison Project (CMIP): CMIP3 disseminated during 
the mid-2000s, CMIP5 during the early-2010s, and CMIP6 
during the late-2010s. Twenty-first century sea-ice projections 
from CMIP3 and CMIP5 models have been used in Bayesian 
network assessments of how climate change could impact the 
future persistence of polar bears (Ursus maritimus) through-
out their range. In this report, we compare sea-ice projections 
by CMIP6 models to those of CMIP5 models in each of four 
polar bear ecoregions over the 21st century. We evaluate 
differences between the two CMIP generations with respect 
to other sources of variability that affect uncertainties of the 
model projections: (1) variability from different models; (2) 
variability from different greenhouse gas emissions scenarios; 
and (3) natural (internal) variability in the earth’s climate sys-
tem. We found that natural variability as well as that attribut-
able to models dominated uncertainties in sea-ice projections 
in all months and ecoregions during the first half of the 21st 
century, while emissions scenarios dominated uncertainties 
during the late 21st century. By comparison, we found only 
slight differences between the CMIP6 and CMIP5 model 
projections of sea ice. Applying CMIP6 instead of CMIP5 
sea-ice projections to the polar bear Bayesian network model 
developed in 2016, therefore, would not qualitatively change 
the population status outcomes published therein.

Introduction
The Coupled Model Intercomparison Project (CMIP; 

World Climate Research Programme, 2022; https://www.wcrp- 
climate.org/ wgcm- cmip) was created in 1995 under the aus-
pices of the Working Group on Coupled Modeling to promote 
a better understanding of past, present, and future climate 
changes by coordinating common sets of radiative forcing 
experiments across a consortium of international modeling 
centers, thereby allowing outputs from different models to be 
collectively analyzed and compared. CMIP also ensures that 
all model outputs are freely available in a standardized format 
to streamline their analysis and incorporation into climate 
assessments–most notably the cyclic Assessment Reports 
(AR) produced by the Intergovernmental Panel on Climate 
Change (IPCC; IPCC, 2022; https://ipcc.ch). CMIP coordina-
tion is conducted in phases that are strategically aligned with 
the IPCC’s reporting cycle. CMIP Phase 3 (CMIP3; Meehl 
and others, 2007) contributed significantly to the IPCC’s 
Fourth Assessment Report (AR4; IPCC, 2007), while CMIP5 
(Taylor and others, 2012) and CMIP6 (Eyring and others, 
2016), respectively, provided foundation to the IPCC’s fifth 
(AR5; IPCC, 2014) and sixth (AR6; IPCC, in progress; 
https://www.ipcc.ch/ reports/ ) reporting cycles.

CMIP prioritizes forcing experiments that model-
ing centers apply when running their participating Earth 
system models (ESMs; Edwards, 2011). Common forcing 
experiments include: (1) a preindustrial (before 1850) control 
simulation; (2) an abrupt four-fold atmospheric carbon dioxide 
(CO2) increase; (3) a compounding 1 percent per year CO2 
increase; (4) a postindustrial historical simulation (1850–2014) 
based on observed greenhouse gases (GHGs); and (5) several 
hypothetical future scenarios ranging from rapid stabilization 
and sequestration of atmospheric CO2 (for example, The Paris 
Agreement) to continued unabated rates of increase. While 
experiments prescribing abrupt or constant CO2 changes are 
not realistic, they provide useful benchmarks for multimodel 
comparisons. For example, equilibrium climate sensitivity 
(ECS) is defined as “the global equilibrium surface air tem-
perature change that follows a doubling of atmospheric CO2 
above preindustrial levels” (Rugenstein and others, 2020).

https://www.wcrp-climate.org/wgcm-cmip
https://www.wcrp-climate.org/wgcm-cmip
https://ipcc.ch
https://www.ipcc.ch/reports/
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Considerable spread exists among ESMs in their esti-
mates of ECS. Among CMIP6 models, ECS ranges from 
1.8 degrees Celsius (°C) to 5.6 °C, a spread that is larger 
than any prior model generation (Meehl and others, 2020; 
Nijsse and others, 2020). How different models parameterize 
cloud properties and simulate cloud feedbacks are dominant 
factors that underly their large spread in climate sensitivity 
estimates (Andrews and others, 2012; Caldwell and others, 
2016). Another metric, the transient climate response (TCR), 
is defined as the mean global air temperature change attained 
when CO2 doubles under a 1 percent per year compounding 
rate of increase of about 70 years). Among CMIP6 models, 
the range of TCR (1.3–3.0 °C) is narrower than ECS and is 
generally consistent with earlier model generations (Meehl 
and others, 2020). Four decades ago, Charney and others 
(1979) estimated that ECS was likely between 1.5 and 4.5 °C. 
Despite remarkable modeling advances since, climate sensitiv-
ity remains the largest source of uncertainty in projections of 
climate change beyond mid-century, so it is important to repre-
sent that uncertainty when summarizing ESM outputs (Knutti 
and Hegerl, 2008; Knutti and others, 2017).

Forcing experiments depicting different future scenarios 
of greenhouse gas (GHG) emissions began in earnest with 
CMIP3, along with making all model outputs open access, 
which initiated “a new era in climate science” (Meehl and 
others, 2007). Thousands of studies have since used CMIP3, 
CMIP5, and CMIP6 model outputs to assess how different 
GHG forcing scenarios might affect a breadth of social, eco-
logical, and geophysical processes. CMIP emissions scenarios 
for projections of future climate have always spanned a range 
of low, intermediate, and high GHG pathways. In CMIP3, 
three widely applied scenarios were based on socioeconomic 
storylines that resulted in end-of-century atmospheric CO2 
concentrations stabilizing at 550 and 720 parts per million 
(ppm) for the B1 and A1B scenarios and increasing past 
850 ppm for the A2 scenario (Nakicenovic and others, 2000). 
In CMIP5, four scenarios called “representative concentration 
pathways” (RCPs) were based on radiative forcing trajecto-
ries and named by their net increase in forcing at century’s 
end relative to preindustrial levels in units of watts per square 
meter (W/m2): RCP2.6, RCP4.5, RCP6.0, and RCP8.5 (Moss 
and others, 2010). In CMIP6, four storyline scenarios called 
“shared socio-economic pathways” (SSPs) were specifically 
chosen (and named) to provide continuity with the CMIP5 
RCPs: SSP1-2.6, SSP2-4.5, SSP4-6.0 and SSP5-8.5; how-
ever, “continuity” is not meant to imply that they are identical 
(Tebaldi and others, 2021). Hereinafter, we have shortened 
these emissions scenario names by dropping periods and 
hyphens (for example, SSP585).

Assessments of how climate change might impact polar 
bears (Ursus maritimus) and their sea-ice habitats were among 
the first uses of CMIP3 model outputs in wildlife ecology. 
Several studies were conducted at the request of the 
U.S. Department of Interior to provide up-to-date science for 
their pending decision about listing polar bears as a threatened 
species under the Endangered Species Act 

(U.S. Fish and Wildlife Service, 2008). Durner and others 
(2009) used monthly outputs of Arctic sea-ice concentra-
tion from a selected subset of 10 CMIP3 models to quantify 
projected seasonal changes in optimal polar bear habitat over 
the 21st century based on the A1B ‘middle of the road’ GHG 
forcing scenario. Amstrup and others (2008) used the same 
CMIP3 sea-ice projections and derivations of optimal habitat 
in a Bayesian network model along with other empirical data 
and expert knowledge about numerous other potential climate-
induced stressors (for example, prey, pollution, disease, etc.) 
to forecast the 21st century status of polar bears worldwide. 
Hunter and others (2010) quantified observed relationships 
between sea-ice conditions and survival of polar bears from 
the southern Beaufort Sea and then used the CMIP3 ice 
projections to extrapolate future population impacts under the 
A1B scenario. Several years later, Atwood and others (2016) 
produced a revised Bayesian network (BN) model that assimi-
lated knowledge from numerous experts and used CMIP5 
sea-ice projections from 13 selected models under each of 3 
emissions scenarios: RCP26, RCP45, and RCP85. Both BN 
models identified projected losses of sea ice due to climate 
warming as the greatest potential adverse influence (Marcot, 
2012) on future polar bear populations.

All the aforementioned polar bear studies used CMIP 
model subsets that were selected for their ability to reasonably 
simulate observed sea-ice conditions under the historical forc-
ing experiment. Culling models that less skillfully simulated 
the observed climate was an ad hoc way of adopting an under-
lying but unguaranteed (Notz, 2015) assumption that models 
that more accurately simulate present conditions will make 
better projections of future conditions (Wang and Overland, 
2009; Massonnet and others, 2012; Shen and others, 2021).

With availability of CMIP6 model outputs comes a 
reasonable question: Would CMIP6 projections of sea ice 
qualitatively change the Atwood and others’ (2016) 21st 
century outlook for polar bears, which was partially based on 
CMIP5 projections? To lend insight into that question, this 
report compares CMIP5 and CMIP6 Arctic sea-ice projections 
with respect to regions and seasons important to polar bears. 
Comparisons of monthly sea-ice extent are presented within 
four polar bear ecoregions (fig. 1) as defined by Amstrup and 
others (2008, 2010), applied again by Atwood and others 
(2016), and referenced as recovery units for the circumpolar 
population in the Polar Bear Conservation Management Plan 
(U.S. Fish and Wildlife Service, 2016). We compare ESM pro-
jections from three CMIP6 SSP emissions scenarios with their 
three CMIP5 counterparts used by Atwood and others (2016): 
SSP126 with RCP26, SSP245 with RCP45, and SSP585 with 
RCP85. We also compare projected changes in duration of the 
summer ice-free period (in other words, conditions of reduced 
or diminished sea-ice habitat for polar bears; defined in 
Methods), owing to that metric’s direct influence on polar bear 
body condition (Robbins and others, 2012; Molnár and others, 
2020) and hence its prescribed influence in the Bayesian net-
work models of both Amstrup and others (2008) and Atwood 
and others (2016).
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Figure 1. Polar bear (Ursus maritimus) ecoregions (Divergent, Convergent, Seasonal, and Archipelago) as 
defined by Amstrup and others (2008) and used by Durner and others (2009) and Atwood and others (2016). Map is 
shown in a polar stereographic projection (EPSG:3411, https://epsg.io/ 3411). Ocean map with benthic relief from 
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Methods
All CMIP model outputs were downloaded in NetCDF 

format (Unidata, 2022; https://w ww.unidata .ucar.edu/ software/ 
netcdf/ ) from data nodes hosted by the Earth System Grid 
Federation (2022; ht tps://esgf .llnl.gov/ ) and coordinated by the 
World Climate Research Program (2022; https://www.wcrp- 
climate.org/ ). Specifically, for models listed in table 1, we 
obtained monthly sea-ice concentration (SIC) simulations 
from both CMIP5 (accessed May 2013) and CMIP6 (accessed 
November 2020) based on the historical forcing experiment, 
as well as 21st century projections based on three CMIP5 
forcing scenarios (RCP26, RCP45, and RCP85) and three 
CMIP6 scenarios (SSP126, SSP245, and SSP585). For CMIP5 
models, 2005 was the first year of 21st century scenario-based 
projections, while for CMIP6 models that year was 2015. For 
all models and forcing experiments, we obtained “run 1” when 
multiple model runs were available.

The 13 CMIP5 models used in this study (table 1) are the 
same as those used by Atwood and others (2016). They were 
selected from among dozens of models in the CMIP5 archive 
based on criteria defined by Massonnet and others (2012) 
and Wang and Overland (2012, 2015). Wang and Overland 
(2015) identified 12 models that simulated means and seasonal 
cycles in ice extent to within 20 percent of observations, while 
Massonnet and others (2012) identified six models based also 
on comparisons with observed means and seasonal cycles, 
as well as metrics based on ice volume and September trend. 
Together, the two studies identified 15 unique models, of 
which we excluded 2 lower-resolution models (IPSL-CM5A-
LR and MPI-ESM-LR) because their medium-resolution coun-
terparts (IPSL-CM5A-MR and MPI-ESM-MR) were included.

For CMIP6, we used a subset of models based on selec-
tion criteria defined by SIMIP Community (2020) that retained 
a model if its ensemble spread among historical simulations 
included the observed 2005–2014 September mean sea-ice 
area and the observed change in sea-ice area for a given 
change in cumulative anthropogenic CO2 during 1979–2014. 
The purpose of these criteria was to select a subset of models 
for estimating a best guess of the future evolution of the Arctic 
sea-ice cover (SIMIP Community, 2020). Thirteen models 
were selected by SIMIP Community (2020, table S4), but we 
excluded HadGEM3-GC31-LL because its medium-resolution 
counterpart (HadGEM3-GC31-MM) was included; hence, 
12 CMIP6 models were used in this study (table 1).

Observational data of monthly SIC, derived from passive 
microwave satellite remote sensing imagery of the northern 
hemisphere spanning 1979–2020, were obtained from the 
National Snow and Ice Data Center (Cavalieri and others, 
1996). This dataset was designed to provide a consistent time 
series of observed sea-ice concentrations spanning the cover-
age of several passive microwave instruments. The data were 
provided in polar stereographic projection with a grid cell size 
of 25 × 25 kilometers (km).

The CMIP SIC data were disseminated in model-specific 
non-uniform ocean grids, so we reprojected and resampled 
the data onto the same polar stereographic grid as the sea-ice 
observations using nearest-neighbor assignments to preserve 
the ESMs’ native resolution.

All data summaries described below were applied to each 
ESM, under each forcing experiment, for each month, and 
within each of the 4 polar bear ecoregions (fig. 1) as described 
and named by Amstrup and others (2008). The single time 
series of observational SIC data was treated similarly. Data 
summaries for the Archipelago Ecoregion excluded five 
CMIP5 ESMs and three CMIP6 ESMs (table 1) with such 
coarse spatial resolution that many of the region’s major 
fjords were unresolved and depicted as land. This is not to 
imply, however, that the ESMs we included in the Archipelago 
Ecoregion summaries adequately represent the region’s 
complex topography. It could be argued that all contemporary 
ESMs lack sufficient spatial resolution to simulate the region’s 
nuanced oceanography (McGeehan and Maslowski, 2012) 
and that dismissing ESM sea-ice projections altogether for 
the Archipelago Ecoregion is warranted (Molnár and oth-
ers, 2020).

For each monthly SIC grid, we calculated the area within 
each polar bear ecoregion that was covered by sea ice with 
greater than or equal to 15 percent concentration (in other 
words, ice extent). Next, because different ESMs depicted 
land masses slightly differently, we calculated the proportion 
(expressed as a percentage) of a given ecoregion that was ice-
covered by dividing the area of ice extent by the ecoregion’s 
model-specific total pelagic area. We plotted the proportions as 
time series of 10-year running averages over the 21st cen-
tury and visually highlighted the CMIP5 with CMIP6 multi-
model means.

We repeated the calculations above but using a greater 
than or equal to 50 percent SIC threshold for defining ice 
extent and within just the continental shelf areas (less than 
300 meters [m] depth) of each ecoregion. When the propor-
tion of continental shelf covered by greater than or equal to 
50 percent SIC fell below 50 percent during a given month, 
that month was classified as “ice-free.” This term “ice-free” 
is meant to describe a month as having reduced or diminished 
polar bear habitat and not necessarily a complete absence of 
sea ice. The 50 percent thresholds were specifically chosen 
due to their relationships with polar bear habitat (Durner and 
others, 2009) and their specific use in the Bayesian network 
models of Amstrup and others (2008) and Atwood and others 
(2016). Similarly, we plotted projected ice-free months as 
10-year running averages over the 21st century and visually 
compared CMIP5 with CMIP6 by including their multimodel 
means. While a growing number of CMIP models have 
disseminated daily output data which could provide more 
resolved estimates of the ice-free period, we used monthly 
data in this study to maintain continuity with Atwood and oth-
ers (2016).

https://www.unidata.ucar.edu/software/netcdf/
https://www.unidata.ucar.edu/software/netcdf/
https://esgf.llnl.gov/
https://www.wcrp-climate.org/
https://www.wcrp-climate.org/
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Table 1. List of Coupled Model Intercomparison Project Phase 5 (CMIP5) and CMIP6 Earth systems models used in this study, including 
the models’ origin country and institute, and basis for selection. 

[ECS (equilibrium climate sensitivity) and TCR (transient climate response): Values from Meehl and others (2020). Abbreviations: °C, degrees Celsius; W, 
Wang and Overland (2015); M, Massonnet and others (2012); S, SIMIP Community (2020); --, values not reported]

Model Country Institute Selection ECS (°C) TCR (°C)

CMIP5 models

ACCESS1.01,2 Australia CISRO-BOM W, M 3.8 1.9
ACCESS1.31,2 Australia CISRO-BOM W, M 3.5 1.6
CCSM4 U.S.A. NCAR W 2.9 1.7
CESM1-CAM5 U.S.A. NSF-DOE-NCAR W -- --
EC-EARTH1 Europe-wide EC-Earth Consortium W -- --
GFDL-CM3 U.S.A. NOAA GFDL M 4.0 1.9
HadGEM2-AO U.K. MOHC W -- --
HadGEM2-CC1 U.K. MOHC W -- --
HadGEM2-ES U.K. MOHC W 4.6 2.5
IPSL-CM5A-MR2 France IPSL M -- 2.0
MIROC-ESM2 Japan AORI-NIES-JAMSTEC W 4.7 2.2
MIROC-ESM-CHEM2 Japan AORI-NIES-JAMSTEC W -- --
MPI-ESM-MR Germany MPI W, M 3.5 2.0

CMIP6 models

ACCESS-CM22 Australia CSIRO-ARCCSS S 4.7 2.1
ACCESS-ESM1-52 Australia CSIRO S 3.9 2.0
CanESM5 Canada CCCma S 5.6 2.7
CESM2-WACCM U.S.A. NCAR S 4.8 2.0
CNRM-ESM2-1 France CNRM-CERFACS S 4.8 1.9
EC-Earth3 Europe-wide EC-Earth Consortium S 4.3 --
EC-Earth3-Veg Europe-wide EC-Earth Consortium S 4.3 2.6
HadGEM3-GC31-MM3 U.K. MOHC S 5.4 2.6
IPSL-CM6A-LR France IPSL S 4.6 2.3
MIROC62 Japan MIROC S 2.6 1.6
MRI-ESM2-0 Japan MRI S 3.2 1.6
NorESM2-LM Norway NCC S 2.5 1.5

1RCP26 scenario unavailable. 
2Excluded from analysis of Archipelago Ecoregion. 
3SSP245 scenario unavailable.

We calculated model-specific relative changes in ice-
free months by subtracting a given model’s mean number of 
ice-free months per year during the earliest decade of data 
(2015–2024) from the model’s mean number at mid-century 
(2045–2054) and at century’s end (2090–2099). We calculated 
these changes for each model relative to itself because differ-
ent ESMs possess unique model configurations that produce 
a spread of multimodel uncertainty, including potential biases 
(Giorgi, 2010; Latif, 2011). We compared projected ice-free 
month changes between the CMIP5 and CMIP6 models 
by assuming equivalency in the paired RCP and SSP emis-
sions scenarios (in other words, the 2.6, 4.5, and 8.5 W/m2 

end-of-century pathways). We graphed the comparisons, by 
ecoregion, decade, and emissions scenario, as box plots and 
put summary statistics into tables.

We also estimated the annual total number of ice-free 
months at mid-century and end-of-century by extrapolat-
ing each model’s projected change from above (expressed as 
an annual rate) forward in time, starting from the satellite-
observed average number of ice-free months during the most 
recent decade (2011–2020) and ending 35 years later using 
the mid-century rate and 80 years later using the end-of-
century rate. Applying model-specific relative changes to 
fixed baseline values reduced influences from model biases. 
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We compared the total ice-free month estimates derived from 
CMIP5 and CMIP6 models by ecoregion, decade, and emis-
sions scenario with box plots and tabled statistics.

We used variance components analysis with each month’s 
total ice cover (by ecoregion and for early, mid, and late 
century) to estimate the porportion of variance attributable for 
four factors: (1) CMIP generations (CMIP5 and CMIP6); 
(2) forcing scenarios (2.6, 4.5 and 8.5 W/m2); (3) models; and 
(4) remainder, presumably incorporating natural variability 
in the Earth’s climate system as simulated by the models. 
Since we only used one run from each model and scenario 
(“run-1”), the variance component depicting natural variability 
is indirectly estimated by partitioning out other sources. We 
used Program R version 4.1.0 (R Core Team, 2021) and the 
“fitVCA” function with an “anova” option from the package 
“VCA” (Schuetzenmeister and Dufey, 2020). The method 
assigned zero to any negative variance component estimate 
and excluded its contribution to the total variance.

Results

Model Selections

The selected model subsets had slightly higher ECS and 
TCR overall than the unselected models across both CMIP 
generations (fig. 2). Importantly, the selected model subsets 
for both CMIP5 and CMIP6 maintained a broad representa-
tion of the full multimodel spread. The outcomes of model 
selection were generally similar between CMIP5 and CMIP6 
with respect to ECS and TCR. This reduced concerns that 
the different model selection criteria (Massonnet and others, 
2012; Wang and Overland, 2015; SIMIP Community, 2020) 
may have introduced biases that could have otherwise invali-
dated further comparisons. Also, the selected CMIP6 models 
as an ensemble had slightly higher ECS and TCR values 
than the selected CMIP5 models (fig. 2), which indicates that 
the CMIP6 subset likely would tend to project slightly more 
sea-ice loss in the future, on average, especially under higher 
GHG forcing during the latter 21st century (Tebaldi and oth-
ers, 2021).
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Figure 2. Frequency distributions of equilibrium climate sensitivity (ECS, left) and transient climate response (TCR, right) for selected 
(blue) and unselected (red) models from the Coupled Model Intercomparison Project Phase 5 (CMIP5) (A, B) and CMIP6 (C, D) model 
generations. ECS and TCR values from Meehl and others (2020). Selected models are listed in table 1.
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Time-Series Comparisons

The monthly observed and model-projected sea-ice time 
series (fig. 3; app. 1, figs. 1.1–1.4) shared several general pat-
terns that were common across all ecoregions: (1) observed 
sea ice declined during almost all months; (2) models pro-
jected continuing sea-ice declines over the 21st century; (3) 
forcing scenarios with higher GHG emissions resulted in 
greater sea-ice loss; (4) projections by individual ESMs varied 
widely within emissions scenario; (5) differences between 
emissions scenarios were relatively small through mid-century 
but very large by century’s end; and (6) the CMIP5 and 
CMIP6 multimodel averages showed considerable temporal 
congruency (within emissions scenario), with the exception 
of the Archipelago Ecoregion during summer (figs. 3H, 1.4). 
Overall, CMIP6 models tended to project slightly less ice 
cover, on average, than CMIP5 models across all emissions 
scenarios and in most months, especially toward century’s end.

Given the criteria used to select the model subsets, we 
expected a reasonable degree of continuity (in other words, 
alignment) between recent observations of sea ice and the 
earliest model projections of future sea ice. In the Divergent 
Ecoregion, both CMIP5 and CMIP6 exhibited a high degree of 
continuity in the transition between recent sea-ice observations 
and the averaged multimodel near-term projections (figs. 3A, 
3E, 1.1). That is, the bold black lines (observations) aligned 
reasonably well with the bold colored lines (model projec-
tions) in fig. 1.1. The most notable exception in continuity was 
during summer when the projected rate of near-term sea-ice 
loss did not keep pace with the recent observed rate of loss, 
sensu “faster than forecast” (Stroeve and others, 2007). Model 
averages for both the CMIP5 and CMIP6 ensembles projected 
complete ice loss during July–November under the high 
emissions scenario by century’s end, while CMIP6 projected 
slightly less ice than CMIP5 during the remaining months 
(fig. 1.1).
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Figure 3. Percentage of four polar bear (Ursus maritimus) ecoregions (Divergent, Convergent, Seasonal, Archipelago; fig. 1) covered 
by sea ice (greater than 15 percent ice concentration) in March (A, B, C, D ) and September (E, F, G, H) as recorded by satellite 
observations (black line), as simulated (historical forcing) for recent decades by selected Coupled Model Intercomparison Project 
Phase 5 (CMIP5, broken lines) and CMIP6 (solid lines) models (table 1) through 2004 and 2014 (gray lines), and as projected through 2100 
when forced by different greenhouse gas emissions scenarios (colored lines) named “representative concentration pathways (RCP; 
CMIP5)” and “shared socioeconomic pathways (SSP; CMIP6).” Bold gray and colored lines are multimodel averages shaded by ±1 
standard deviation (sd); all lines plot 10-year running means. Analogous graphs for all months of the year are presented in figs. 1.1–1.4.
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In the Convergent Ecoregion, during December–May, 
continuity between recent sea-ice observations and aver-
aged ice projections was better among CMIP5 models than 
CMIP6 models, which were biased high in terms of sea-ice 
loss (figs. 3B, 1.2). That pattern reversed in July–October, 
however, when CMIP6 models were better aligned with 
observations, and CMIP5 model averages were low by com-
parison. Nevertheless, by mid-century and beyond, congru-
encies between the CMIP5 and CMIP6 model averages in 
the Convergent Ecoregion were generally similar, as in the 
Divergent Ecoregion (figs. 1.1, 1.2). Model averages for the 
CMIP5 and CMIP6 ensembles projected complete ice loss 
during August–October under the high emissions scenario by 
the end of the century (fig. 1.2).

In the Seasonal Ecoregion, recent ice observations and 
near-term model projections showed reasonable continuity 
for both CMIP averages in most months, except notably in 
December when recent observations showed a pause in ice 
decline, but the model-projected trajectories continued with 
an uninterrupted downward trend (fig. 1.3). Congruencies 
between CMIP5 and CMIP6 projections over time were like 
those in Divergent and Convergent ecoregions. CMIP5 and 
CMIP6 model-averaged ensembles projected complete ice loss 
under the high emissions scenario during July–November by 
the end of the century (fig. 1.3).

Recent observations show that the Archipelago Ecoregion 
was entirely ice-covered from November through May 
(fig. 1.4). This is the only ecoregion to retain 100 percent ice 
cover because, unlike other ecoregions, it does not include 
a peripheral sea that remains partially ice-covered in winter 
(such as the Barents, Greenland, and Bering seas). All models 
projected that the Archipelago Ecoregion will remain com-
pletely ice-covered during December–May until century’s 
end, except under the highest GHG emissions scenario. 
Models projected notable ice declines during summer and 
autumn (July–November) as also evidenced in the observa-
tional data. However, a lack of congruency between CMIP5 
and CMIP6 projections in the Archipelago Ecoregion during 
summer months was readily evident (fig. 1.4). On average, in 
the Archipelago Ecoregion during summer, CMIP6 models 
projected more prominent ice loss than CMIP5 models under 
all three emissions scenarios. In August and September, the 
CMIP6 average near-term ice projections showed good conti-
nuity with recent rates of observed ice loss while the CMIP5 
averages were biased high, suggesting some improved skill 
among models in the CMIP6 subset for this ecoregion.

Variance Components

Different sources of uncertainty (in other words, vari-
ability) in sea-ice projections contributed differently over 
the course of the 21st century (fig. 4). The foremost pattern, 
common to all ecoregions, was that variability attributable to 
the different emissions scenarios was negligible through mid-
century but dominant by century’s end. A second prominent 
pattern was that variability attributable to the CMIP model 
generation was minor through mid-century and negligible by 
century’s end. For example, in the Divergent Ecoregion during 
2020–2029 (fig. 4A), the dominant source of variability across 
all months was attributable to models, followed by natural 
climate variability which explained most of the remaining 
variance, while that attributable to the CMIP generation was 
very small and to emission scenarios negligible. The same 
patterns generally prevailed in mid-century (2045–2054), 
with the model contributions increasing slightly while the 
CMIP contribution diminished entirely. During 2090–2099 in 
the Divergent Ecoregion (fig. 4C), variability attributable to 
emission scenarios dominated in all months except August–
September when consensus was attained among all scenarios 
that the region would become nearly ice-free (fig. 1.1).

In the Convergent Ecoregion, variability attributable to 
the CMIP model generation was greater than in other ecore-
gions during 2020–2029 (fig. 4D). During this decade, the 
CMIP6 models tended to project more ice cover than CMIP5, 
especially during winter months (fig. 1.2). But by mid-century 
(fig. 4E), CMIP variability was relatively small, and became 
negligible by late century (fig. 4F).

In the Seasonal Ecoregion, in late winter during 
2020–2029 (fig. 4G), a small proportion of variability was 
attributable to the CMIP generations, but it did not persist 
into the mid or late century (figs. 4H, 4I). During summer in 
the Seasonal Ecoregion, interpretations of variance compo-
nents are not informative because the region is effectively 
ice-free throughout the century under all scenarios (fig. 1.3), 
so the variance is small and mostly noise. Similarly, in the 
Archipelago Ecoregion, variance components are not infor-
mative during months and periods when the entire region 
is projected to be completely ice-covered (fig. 1.4). In the 
Archipelago Ecoregion, the most notable variance attributable 
to CMIP generation occurred during summer months in the 
early- and mid-21st century (figs. 4J, 4K) and stemmed from 
the CMIP6 models projecting less ice than CMIP5 models 
(fig. 1.4), together with an unknown degree of influence by 
models with different land masks and spatial resolutions. 
Different model land masks would be much less influential in 
the other three ecoregions because they are much larger than 
the Archipelago Ecoregion and have much larger ocean areas.
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Figure 4. Components of the total monthly variability in the proportions of four polar bear (Ursus maritimus) 
ecoregions covered by sea ice (greater than 15 percent ice concentration) during each of three decadal 
periods (early, mid, and late century) as projected by multimodel ensembles (table 1) when forced with different 
greenhouse gas emissions scenarios. The graphed variance components show the estimated amount of 
variation in sea-ice cover attributable to four sources of variability: (1) the two generations of Coupled Model 
Intercomparison Project Phase models (CMIP5 and CMIP6), (2) three emission scenarios nested with the CMIP 
generation (that is, end-of-century net increases of 2.6 watts per square meter [W/m2], 4.5 W/m2, and 8.5 W/
m2), (3) climate models (table 1) nested within scenario, and (4) the remaining variance presumably representing 
natural variability in the Earth’s climate system as simulated by the models. 
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Ice-Free Months

The annual number of ice-free months was projected 
to increase in all ecoregions over the 21st century (fig. 5). 
Transition between recent observations and near-term mul-
timodel averages showed good continuity in the Divergent 
Ecoregion for both CMIP5 and CMIP6 models (fig. 5A) and 
good continuity for CMIP6 in the Convergent Ecoregion 
(fig. 5B). In the Seasonal Ecoregion, the upward trends 
projected for the near-term by the multimodel averages did 
not transition well with the recent observed trend which had 
flattened considerably over the past decade (fig. 5C). In the 
Archipelago Ecoregion, transition between observations 
and projections was better aligned with the CMIP6 model 
average than with CMIP5 (fig. 5D). The CMIP5 models 
underestimated recent observations compared to CMIP6 in 
the Archipelago Ecoregion and projected consistently fewer 
ice-free months throughout the century (fig. 5D), a pattern 
described earlier for the ice cover time series (fig. 1.4).

Before midcentury, rates of increase in ice-free months 
were similar among all emissions scenarios (fig. 5), but after 
midcentury rates: (1) accelerated under the high (8.5 W/m2) 
emissions scenario; (2) continued somewhat uniformly under 
the intermediate (4.5 W/m2) scenario; and (3) flattened under 
the low (2.6 W/m2) emissions scenario.

Nearly all ESMs projected that the average annual num-
ber of ice-free months in 2045–2054 (and 2090–2099) will 
increase relative to the mean number projected for 2015–2024 
in all ecoregions and under all forcing scenarios (fig. 6A, 
6B). A dominant pattern throughout fig. 6 is the considerable 
amount of overlap between the CMIP5 and CMIP6 models, 
except during late century in the Divergent and Seasonal 
Ecoregions under the two higher emissions scenarios when 
CMIP6 models show a tendency to project slightly more ice-
free months per year compared to the CMIP5 models.

Because continued ice loss was curbed under the low 
emissions scenario during the second half of the 21st century, 
changes in the number of ice-free months at century’s end 
were largely the same as midcentury (figs. 6A, 6B), which was 
also reflected by the flattened slopes in the low emission time 
series of fig. 5. Similarly, the generally constant slopes of the 
intermediate scenario (fig. 5) corresponded with an approxi-
mate doubling of ice-free months from mid to late century, 
while the accelerated rates associated with the high emissions 
scenario resulted in a three to fourfold increase in ice-free 
months over the second half of the century (fig. 6A, 6B).

We applied the ice-free month changes shown in fig. 6A 
and 6B to the 2011–2020 average ice-free months from 
observations to estimate the total annual number of ice-free 
months in each ecoregion at mid- and late-century (fig. 6C, 
6D). The observed ice-free months during 2011–2020 (in other 
words, the baseline values) in the Archipelago, Convergent, 
Divergent, and Seasonal ecoregions averaged, 2.0, 2.5, 5.3, 
and 6.0 months. Not surprisingly, there were consistently more 
total ice-free months per year in the Seasonal and Divergent 
ecoregions compared to the Convergent and Archipelago 
ecoregions (fig. 6C, 6D). Dominant patterns in fig. 6C and 
6D parallel the partitioning of variance components shown in 
fig. 4. For example, during midcentury, the data distributions 
across all three emissions scenarios (fig. 6C) were very simi-
lar, consistent with the small contribution of emission scenario 
to the total variance at midcentury (fig. 4B, 4E, 4H, 4F). In 
contrast, during late century, the data distributions were mark-
edly different across scenarios (fig. 6D), consistent with the 
large contribution of emissions scenario to the total variance at 
that time (fig. 4C, 4F, 4I, 4L).
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Figure 5. Annual number of ice-free months for shelf waters (less than 300 meters [m] deep) within four polar bear (Ursus 
maritimus) ecoregions (Divergent, Convergent, Seasonal, Archipelago; fig. 1) as recorded by satellite observations since 1979 
(black line), as simulated (historical forcing) in recent decades by Coupled Model Intercomparison Project Phase 5 (CMIP5, 
broken lines) and CMIP6 (solid lines) models (table 1) through 2004 or 2014 (gray lines), and as projected through 2100 when 
forced by different greenhouse gas emissions scenarios (colored lines). An ‘ice-free month’ was counted when the spatial extent 
of sea ice having greater than 50 percent concentration covered less than 50 percent of an ecoregion’s shelf waters. Bold gray 
and colored lines are multimodel averages shaded by ±1 standard deviation (sd); all lines plot 10-year running means.
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Figure 6. Change in the number of ice-free months at mid-century (A, 2045–2054) and at century’s end (B, 2090–2099), relative to the 
most contemporary decade (2015–2024), as projected by ensembles of Coupled Model Intercomparison Project Phase 5 (CMIP5, red) 
and CMIP6 (blue) models (table 1) when forced by different greenhouse gas emission scenarios. CMIP5 models were forced with ‘RCP’ 
scenarios (RCP26, RCP45, and RCP85), and CMIP6 models with ‘SSP’ scenarios (SSP126, SSP245, and SSP585), and both are graphed 
under headings of their respective end-of-century net increase in radiative forcing (+2.6 watts per square meter [W/m2], +4.5 W/m2, and 
+8.5 W/m2). Annual total number of ice-free months for mid-century (C, 2045–2054) and century’s end (D, 2090–2099) as projected by the 
same models and scenarios as in the top row. Box-and-whisker notation shows the multimodel mean (plus symbol), median (horizontal 
line), interquartile range (IQR, shaded box), ±1.5 IQR (whiskers), and outliers (dots). Sample sizes (n models in the ensemble) are shown 
below each box plot. See tables 2 and 3 for tabulated values.



Discussion  13

Discussion
Uncertainties in projections of Arctic sea ice over the 21st 

century come primarily from the wide spread of outputs by 
different models, and the wide range of conceivable emissions 
scenarios the world might follow (SIMIP Community, 2020; 
Bourdeau-Goulet and Hassanzadeh, 2021). In contrast, the 
degree of uncertainty introduced by differences in the CMIP 
model generation (specifically CMIP5 and CMIP6) is small 
and diminishes over time (fig. 4). Studies that have compared 
observations to large multimodel ensembles of CMIP5 and 
CMIP6 simulations have reported that “performances of 
CMIP6 and CMIP5 models are very similar in the representa-
tions of sea-ice extent seasonal cycle and long-term trend for 
both hemispheres” (Shu and others, 2020); and “we find that 
there is little difference in overall model performance between 
CMIP3, CMIP5 and CMIP6. The multimodel spread of the 
mean quantities remains large, the observational record lies 
within the multimodel ensemble spread, and many models 
simulate plausible values of mean sea-ice area when con-
sidering the impact of internal variability and observational 
uncertainty” (SIMIP Community, 2020). This is not to imply, 
however, that CMIP5 and CMIP6 models produce identical 
outputs, especially at regional scales and seasonal timeframes. 
For example, Long and others (2021) found that CMIP6 mod-
els had large positive biases in sea-ice concentration around 
the Barents and East Greenland seas during winter, which may 
have contributed to the positive biases we found for CMIP6 in 
the Convergent Ecoregion during winter compared to observa-
tions (fig. 1.2).

Expectations that simulations of sea ice by ESMs should 
precisely match observations are unreasonable. As much as 
50 percent of the recent observed loss of summer sea ice has 
been attributed to internal (natural) variability that manifests 
nonuniformly over the Arctic (England and others, 2019; 
Watts and others, 2021). Multimodel averages often tend to 
have better agreement with observations, for reasons that are 
not entirely clear (Reichler and Kim, 2008). If different mod-
els produce unbiased outputs that vary somewhat evenly about 
the truth, then averaging would serve to remove noise arising 
not only from the simulation of natural variability, but prob-
ably to a larger extent from the uncertainties attributable to 
different model formulations (Reichler and Kim, 2008; Pierce 
and others, 2009). While many of the multimodel averages in 
our regional-scale summaries exhibited good agreement with 
observations, some did not (figs. 5, 1.1–1.4). When agreement 
was lacking, the CMIP5 and CMIP6 averages often shared 
a common offset, possibly indicating a systemic bias among 
the models (for example, October in the Divergent Ecoregion, 
fig. 1.1). As noted earlier, the Convergent Ecoregion was an 

area where disagreements between models and observations 
were different for the two CMIP generations in terms of ice 
cover: CMIP5 models simulated observations better dur-
ing winter months while CMIP6 models were better during 
summer (fig. 1.2). Modest amounts of disagreement between 
observations and simulations should not, however, discount a 
model’s usefulness since stricter agreement with observations 
is not a guarantee for more reliable projections (Knutti and 
others, 2010).

Because radiative forcing among the emissions scenarios 
evolved similarly until about 2040 (Moss and others, 2010; 
O'Neill and others, 2016), sea-ice projections across scenarios 
also were similar until then (figs. 1.1–1.4), and scenarios 
contributed relatively little to the total variability through 
midcentury (fig. 4). But by century’s end, the dominant source 
of uncertainty had switched to emissions scenarios (fig. 4) 
because sea-ice projections (and radiative forcing) began 
diverging markedly after 2040 (figs. 1.1–1.4). Not knowing 
now which emissions trajectory society will more closely 
follow over the 21st century imparts a very high degree of 
uncertainty about Earth’s future climate and emphasizes that 
the most important factor controlling the future is societal 
choice. Like most assessments using CMIP projections, we 
have assumed the emissions scenarios to be equally prob-
able, although likelihood of the highest scenario (8.5 W/m2) 
has generated debate (Grant and others, 2020; Hausfather and 
Peters, 2020; Schwalm and others, 2020; Natali and oth-
ers, 2021).

Sea-ice variability attributable to the two generations of 
CMIP models was minor through midcentury and negligible 
by century’s end, relative to the other sources of uncertainty 
considered (fig. 4). Nevertheless, we found modest, non-zero 
differences between CMIP5 and CMIP6 models in their pro-
jected changes to ice-free months (table 2).

Would such minor differences in the CMIP6 sea-ice 
projections be sufficient to substantively change the polar bear 
population outcome states derived by the Bayesian network 
model of Atwood and others (2016) which used CMIP5 sea-
ice projections? Given the high degree of overall congruence 
between CMIP5 and CMIP6 models in their projected sea-ice 
cover over time and across ecoregions (figs. 1.1–1.4), and 
relatively small differences in their projected ice-free month 
changes (table 2), evidence suggests it is unlikely that using 
CMIP6 model outputs would qualitatively change the results 
and interpretations presented by Atwood and others (2016). 
We reached this conclusion by considering the Bayesian 
network’s construct, including how sea-ice input nodes were 
binned, and how those binned values were integrated with 
other nodes through conditional probability tables (Atwood 
and others 2015). We provide some examples below to contex-
tualize our reasoning.
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Table 3. Average and median total number of ice-free months per year, in continental shelf waters, estimated for midcentury 
(2045–2054) and century’s end (2090–2099) as projected by multimodel ensembles of Coupled Model Intercomparison Project Phase 5 
(CMIP5) and CMIP6 models (table 1) when forced by different greenhouse gas emissions scenarios. 

[Abbreviations: sd, standard deviation; n, number of models; min, minimum; max, maximum]

Emissions Scenario rcp26 ssp126 rcp45 ssp245 rcp85 ssp585

Archipelago Ecoregion Shelf

Ice-free month total, 2045–2054
Mean (sd, n) 3.1 (1.0, 6) 3.1 (0.71, 9) 2.9 (0.90, 8) 3.5 (0.81, 8) 4.2 (0.94, 8) 4.6 (0.62, 9)
Median [min, max] 2.8 [2.0, 4.92] 3.1 [2.0, 4.2] 2.5 [2.0, 4.6] 3.3 [2.4, 4.9] 3.9 [3.17, 6.08] 4.8 [3.3, 5.50]
Ice-free month total, 2090–2099
Mean (sd, n) 3.2 (0.89, 6) 3.5 (0.70, 9) 4.3 (1.4, 8) 4.8 (0.6, 8) 7.9 (2.1, 8) 8.5 (1.6, 9)
Median [min, max] 3.17 [1.8, 4.6] 3.4 [2.8, 5.0] 3.9 [2.5, 6.0] 4.7 [3.8, 5.7] 8.2 [5.3, 11.4] 8.2 [6.7, 11.1]

Convergent Ecoregion Shelf

Ice-free month total, 2045–2054
Mean (sd, n) 3.6 (0.70, 9) 3.7 (1.1, 12) 3.7 (0.76, 13) 4.0 (0.72, 11) 4.6 (0.7, 13) 4.9 (0.92, 12)
Median [min, max] 3.6 [2.9, 4.7] 3.8 [1.6, 5.3] 3.9 [2.6, 4.6] 4.1 [2.4, 4.8] 4.5 [3.3, 5.8] 5.0 [3.2, 6.0]
Ice-free month total, 2090–2099
Mean (sd, n) 3.8 (1.1, 9) 4.1 (0.87, 12) 5.2 (1.0, 13) 5.5 (1.1, 11) 8.4 (1.6, 13) 9.5 (1.8, 12)
Median [min, max] 4.2 [2.1, 5.4] 4.2 [2.8, 5.3] 5.0 [3.4, 6.7] 5.5 [4.4, 8.1] 8.3 [6.2, 11.2] 9.3 [7.1, 12.5]

Divergent Ecoregion Shelf

Ice-free month total, 2045–2054
Mean (sd, n) 6.4 (0.50, 9) 6.2 (1.0, 12) 6.7 (0.96, 13) 6.7 (0.87, 11) 7.4 (0.80, 13) 6.9 (1.0, 12)
Median [min, max] 6.4 [5.4, 7.1] 6.2 [4.1, 7.5] 6.2 [5.4, 9.2] 6.9 [5.1, 7.6] 7.2 [6.,4 8.8] 6.5 [5.7, 8.6]
Ice-free month total, 2090–2099
Mean (sd, n) 6.4 (0.82, 9) 6.7 (0.93, 12) 7.8 (1.1, 13) 8.3 (0.96, 11) 10.9 (1.1, 13) 11.6 (1.4, 12)
Median [min, max] 6.5 [5.2, 7.3] 6.5 [5.4, 8.1] 7.4 [6.4, 10.4] 8.5 [6.7, 9.9] 11.0 [8.7, 12.3] 11.6 [8.3 13.8]

Seasonal Ecoregion Shelf

Ice-free month total, 2045–2054
Mean (sd, n) 7.0 (0.74, 9) 6.8 (0.51, 12) 7.1 (0.96, 13) 6.9 (0.65, 11) 7.5 (1.3, 13) 7.2 (0.69, 12)
Median [min, max] 6.9 [6.0, 8.2] 6.9 [6.0, 7.5] 6.7 [6.0, 8.7] 6.7 [6.0, 7.8] 6.9 [6.5, 10.1] 7.3 [6.0, 8.6]
Ice-free month total, 2090–2099
Mean (sd, n) 7.0 (0.47, 9) 6.8 (0.50, 12) 8.0 (1.4, 13) 8.1 (1.3, 11) 10.4 (1.2, 13) 11.3 (0.54, 12)
Median [min, max] 7.3 [6.3, 7.5] 6.9 [6.2, 8.1] 7.7 [6.4, 10.9] 7.8 [6.9, 10.4] 10.6 [8.1, 12.2] 11.4 [10.4, 12.2]

The Bayesian network by Atwood and others (2016) 
included three sea-ice input nodes that were populated with 
values derived from CMIP5 projections: (1) changes in ice-
free months; (2) total annual area of optimal ice habitat; and 
(3) distance between the ice pack and shelf waters during the 
sea-ice minimum in just the Divergent and Convergent ecore-
gions; and a fourth subjectively populated node named “forag-
ing sea-ice quality” that captured expert knowledge about how 
seasonal changes in sea-ice availability would affect polar bear 
habitat quality. Our evaluation of the Bayesian network model 
here focuses on the ice-free months variable because not only 
has duration of the ice-free season been shown to directly 
correlate with polar bear condition, but it is also a reasonable 

surrogate for the two other sea-ice inputs. As ice-free months 
diminish, the annual area of optimal habitat decreases, and 
retreat of the summer ice pack increases.

Sea-ice metrics were derived as continuous values rep-
resenting decadal averages, but upon input into the Bayesian 
network, they were binned into five or six categorical levels 
(detailed in Atwood and others, 2015). For example, the 
change in ice-free months (the “IceChng” node in Atwood and 
others, 2015) was binned into six intervals based on whole 
integer assignments: less than 0, 0, 1, 2, 3–4, and 5 or more. 
Binning the raw input values into categories diminishes that 
node’s sensitivity to small numerical changes. Consider the 
12 pairs of late-century (2090–2099) CMIP5–CMIP6 mean 
ice-free month comparisons shown in table 2 (one comparison 
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for each of 3 emissions scenarios, across 4 ecoregions). Eleven 
of the 12 comparisons involve pairs with identical whole 
(truncated) integer values, meaning that upon entry into the 
Bayesian network they would be binned into the same categor-
ical level. In other words, for these 11 cases, using the ice-free 
month values derived from CMIP6 models in the Bayesian 
network would be indistinguishable from using CMIP5 values 
because the binning would create equivalency.

The one exception among the 12 comparisons described 
above was in the Seasonal Ecoregion under the high emissions 
scenario: the CMIP5 and CMIP6 mean values were 4.1 and 
5.0 ice-free months, so they would be binned differently–into 
the input node’s 3–4 and the 5-or-more month categories. The 
significance of the 5-or-more month category is that adverse 
population-level effects, including near total failure of cub 
recruitment, are expected when bears must fast for greater than 
5 months (Robbins and others, 2012, Molnár and others, 2020; 
Pilfold and others, 2016). The ramifications of the differ-
ence in binning can be assessed by examining the conditional 
probability table that joined the “IceChng” input node with 
the “IceShelf” input node (see fig. 3 and table E4 in Atwood 
and others, 2015). Switching from the 3–4-month category 
(CMIP5 models) to the 5-or-more category (CMIP6 models) 
would change the prescribed probabilities for the foraging 
habitat availability states (“IceFor” node) from 10 percent 
reduced and 90 percent greatly reduced (for the 3–4-month 
input) to 100 percent greatly reduced (for the 5-or-more month 
input). That minor (10 percent net) change in the state prob-
abilities for foraging habitat availability would then be assimi-
lated when the “IceFor” node is integrated with two other 
nodes via another conditional probability table that determines 
the states likelihoods that comprise the overall “Ice” node 
(table E3 in Atwood and others, 2015). Before reaching the 
final “population status” node of the Bayesian network (fig. 3 
in Atwood and others, 2015), the overall “Ice” node states pass 
through four to six more conditional probability tables that 
serve to assimilate other types of potential stressors to polar 
bears such as prey abundance, pollution, disturbance, hunting, 
and disease.

The conditional probability tables that comprise the polar 
bear Bayesian network of Atwood and others (2016) were 
prescribed by applying gradients of probability across the 
range of categorical outcome states, which typically repre-
sented relationships of relative magnitude like “more, less, or 
the same.” Such generalized categories would tend to buf-
fer, rather than amplify, modest changes to input node values 
as they propagate through the many intermediate nodes and 
conditional probability tables toward the final output node–
“population state.”

Differences between the CMIP5 and CMIP6 sea-ice 
projections were most apparent during July–October in the 
Archipelago Ecoregion (fig. 1.4). Nevertheless, since ice-free 
months was calculated as a relative change for each ESM, dif-
ferences between the CMIP5 and CMIP6 averages at the end 
of the century were small (table 2) and would be negated by 
the binning during input to the Bayesian network (as described 
above). At midcentury, however, changes in ice-free months 
by CMIP6 models would enter the Bayesian network slightly 
higher than the CMIP5 models for the intermediate and high 
emissions scenarios (table 2). Those increases would likely 
manifest in the Bayesian network as a slight improvement to 
the polar bear population outcome states in the Archipelago 
Ecoregion at midcentury. Atwood and others (2016) specifi-
cally prescribed that improvement (via the conditional proba-
bility tables) because the expert panel agreed that “thinning of 
the multiyear ice may actually improve the quality of foraging 
sea-ice habitat.” However, at century’s end in the Archipelago, 
despite no differences between CMIP5 and CMIP6 ice-free 
month changes after binning (table 2), the greater extent of 
summer ice melt projected by CMIP6 models during summer 
(fig. 1.4) would likely cause the network’s final polar bear 
population outcomes to have slightly higher end-of-century 
probabilities in the decreased and greatly decreased states.

Conclusions
Consistent with other comparisons of sea-ice outputs by 

different CMIP model generations (SIMIP Community, 2020), 
we found only modest differences between selected CMIP5 
and CMIP6 model subsets in their projections of ice cover 
within four polar bear ecoregions. Greater sources of variabil-
ity among sea-ice projections stem from differences between 
models and between GHG emissions scenarios. We thus 
hypothesize that using sea-ice projections from CMIP6 models 
instead of CMIP5 in the Bayesian network of Atwood and oth-
ers (2016), while holding all other inputs and model structures 
the same, would not cause qualitative changes to interpreta-
tions of polar bear population outcomes across ecoregions and 
emissions scenarios reported therein. Three factors support 
that inference: (1) differences between CMIP5 and CMIP6 
ice projections were relatively small on average (figs. 5, 6, 
1.1–1.4; table 2); (2) binning the sea-ice inputs into categorical 
states would remove most minor differences between CMIP5 
and CMIP6 upon entry; and (3) prescribed gradients in the 
network’s numerous conditional probability tables would 
tend to dilute small changes to the sea-ice input states as they 
propagated toward the final output node.
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Appendix 1. Observed and Model-Projected Sea-Ice Time Series
Figures 1.1–1.4 in this appendix show the observed and model-projected sea-ice time series (1979–2100) within each of the 

4 polar bear ecoregions for every month of the year (while fig. 3 in the main report shows March and September only). Table 1.1 
serves to provide citations for the CMIP6 models used in this study.
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Figure 1.1. Monthly percentages of the Divergent Ecoregion (fig. 1) covered by sea ice (less than 
15 percent ice concentration) as recorded by satellite observations since 1979 (black line), as 
simulated (historical forcing) in recent decades by Coupled Model Intercomparison Project Phase 
5 (CMIP5, broken lines) and CMIP6 (solid lines) models (table 1) through 2004 and 2014, (gray lines), 
and as projected through 2100 when forced by different greenhouse gas emissions scenarios 
(colored lines) named “representative concentration pathways (RCP; CMIP5)” and “shared 
socioeconomic pathways (SSP; CMIP6).” Bold gray and colored lines are multimodel averages 
shaded by ±1 standard deviation (sd); all lines plot 10-year running means.
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Figure 1.2. Monthly percentages of the Convergent Ecoregion (fig. 1) covered by sea ice (greater 
than 15 percent ice concentration) as recorded by satellite observations since 1979 (black line), as 
simulated (historical forcing) in recent decades by Coupled Model Intercomparison Project Phase 
5 (CMIP5, broken lines) and CMIP6 (solid lines) models (table 1) through 2004 and 2014  (gray lines), 
and as projected through 2100 when forced by different greenhouse gas emissions scenarios 
(colored lines) named “representative concentration pathways (RCP; CMIP5)” and “shared 
socioeconomic pathways (SSP; CMIP6).” Bold gray and colored lines are multimodel averages 
shaded by ±1 standard deviation (sd); all lines plot 10-year running means.
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Figure 1.3. Monthly percentages of the Seasonal Ecoregion (fig. 1) covered by sea ice (less 
than 15 percent ice concentration) as recorded by satellite observations since 1979 (black line), 
as simulated (historical forcing) in recent decades by Coupled Model Intercomparison Project 
Phase 5 (CMIP5, broken lines) and CMIP6 (solid lines) models (table 1) through 2004 and 2014 
(gray lines), and as projected through 2100 when forced by different greenhouse gas emissions 
scenarios (colored lines) named “representative concentration pathways (RCP; CMIP5)” and 
“shared socioeconomic pathways (SSP; CMIP6).” Bold gray and colored lines are multimodel 
averages shaded by ±1 standard deviation (sd); all lines plot 10-year running means.
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Figure 1.4. Monthly percentages of the Archipelago Ecoregion (fig. 1) covered by sea ice (greater 
than 15 percent ice concentration) as recorded by satellite observations since 1979 (black line), as 
simulated (historical forcing) in recent decades by Coupled Model Intercomparison Project Phase 5 
(CMIP5, broken lines) and CMIP6 (solid lines) models (table 1) through 2004 and 2014 (gray lines), and 
as projected through 2100 when forced by different greenhouse gas emissions scenarios (colored 
lines) named “representative concentration pathways (RCP; CMIP5)” and “shared socioeconomic 
pathways (SSP; CMIP6).” Bold gray and colored lines are multimodel averages shaded by 
±1 standard deviation (sd); all lines plot 10-year running means.
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Table 1.1. Coupled Model Intercomparison Project Phase 6 (CMIP6) models used in this study with data citations.

CMIP6 models Data digital object identifier Data citation

ACCESS-CM2 https://doi.org/ 10.22033/ ESGF/ CMIP6.2285 Dix and others (2019)
ACCESS-ESM1-5 https://doi.org/ 10.22033/ ESGF/ CMIP6.2291 Ziehn and others (2019)
CanESM5 https://doi.org/ 10.22033/ ESGF/ CMIP6.1317 Swart and others (2019)
CESM2-WACCM https://doi.org/ 10.22033/ ESGF/ CMIP6.10026 Danabasoglu (2019)
CNRM-ESM2-1 https://doi.org/ 10.22033/ ESGF/ CMIP6.1395 Seferian (2019)
EC-Earth3 https://doi.org/ 10.22033/ ESGF/ CMIP6.251 EC-Earth Consortium (2019a)
EC-Earth3-Veg https://doi.org/ 10.22033/ ESGF/ CMIP6.727 EC-Earth Consortium (2019b)
HadGEM3-GC31-MM https://doi.org/ 10.22033/ ESGF/ CMIP6.10846 Jackson (2020)
IPSL-CM6A-LR https://doi.org/ 10.22033/ ESGF/ CMIP6.1532 Boucher and others (2019)
MIROC6 https://doi.org/ 10.22033/ ESGF/ CMIP6.898 Shiogama and others (2019)
MRI-ESM2-0 https://doi.org/ 10.22033/ ESGF/ CMIP6.638 Yukimoto and others (2019)
NorESM2-LM https://doi.org/ 10.22033/ ESGF/ CMIP6.604 Seland and others (2019)

https://doi.org/10.22033/ESGF/CMIP6.2285
https://doi.org/10.22033/ESGF/CMIP6.2291
https://doi.org/10.22033/ESGF/CMIP6.1317
https://doi.org/10.22033/ESGF/CMIP6.10026
https://doi.org/10.22033/ESGF/CMIP6.1395
https://doi.org/10.22033/ESGF/CMIP6.251
https://doi.org/10.22033/ESGF/CMIP6.727
https://doi.org/10.22033/ESGF/CMIP6.10846
https://doi.org/10.22033/ESGF/CMIP6.1532
https://doi.org/10.22033/ESGF/CMIP6.898
https://doi.org/10.22033/ESGF/CMIP6.638
https://doi.org/10.22033/ESGF/CMIP6.604
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